The cells of 'Thiobacillus ferrooxidans were rapidly adsorbed on the solid surfaces of an agitated flask containing 1 % pulp density of pyrite particles. More than ca. 99 % of the inoculated cells were adsorbed. However, considerably fewer cells were adsorbed on pyrite particles than on the glass wall of the flask. Scanning electron microscope observation revealed that T. ferrooxidans cells were adsorbed aggregatively on restricted areas of the pyrite particles. The surfaces of the pyrite particles were characteristically eroded to show etched polyhedral pits, but without prominent cell adsorption of the extensively eroded surfaces during markedly enhanced leaching. When T. ferrooxidans cells were adsorbed on the solid surfaces, the iron-oxidizing activity of the bacteria was strongly inhibited, resulting in a failure to enhance pyrite oxidation. Adsorbed cells did not proliferate on the solid surfaces. When the adsorbed cells were released into an aqueous phase by the addition of the surface active agent Tween 20, the bacterial iron-oxidizing activity inhibited by adsorption was recovered and, as a result, pyrite oxidation was markedly promoted. Significant enhancement of pyrite oxidation by T, ferrooxidans was ascribed to the development and iron-oxidizing activity of the freely dispersed cells in an aqueous phase. The function of the surface active agent is to prevent tenacious adsorption of the bacterial cells to solid surfaces and organic substances examined, such as protein, nucleic acid, yeast extract, peptone, and cell free extracts, operate in the same way as the surface active agent. The enhancement of the bacterial pyrite oxidation by the intact cells of Thiobacillus thiooxidans is thought to be attributable to the organic substances excreted from T. thiooxidans cells and/or to the exchange adsorption of cells of both thiobacilli. The present results indicate that bacterial concentration 63
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The oxidation of pyrite by Thiobacillus ferrooxidans was markedly promoted by the addition of sufficient numbers of the cells, but not by a small inoculum of ca. 108 cells or less per flask (50 ml of pyrite medium) (1). However, the bacterial pyrite oxidation was always enhanced, even with the small inoculum size, by the addition of various kinds of organic substances such as bacterial cell free extracts, yeast extract, peptone, nucleic acid, and protein. In addition, the same promoting effect on the bacterial pyrite oxidation occurred with surface active agents such as Tween 20 and sugar ester (2). These results suggest that an interrelation between the bacterial cells and pyrite particles is important for the oxidation of pyrite by T. ferrooxidans and that the organic additives have a physico-chemical effect on the interrelation between them. Therefore, it is necessary to elucidate the promoting effect of organic additives on the bacterial pyrite oxidation from the view point of physico-chemical interaction between the bacterial cells and the solid surfaces. This is a report of studies on the adsorption of T. ferrooxidans cells on solid surfaces in pyrite medium and the dissolution of iron from pyrite. Furthermore, we discuss the mechanism of pyrite oxidation in vitro by T. ferrooxidans.
MATERIALS AND METHODS
Bacteria and culture conditions. Thiobacillus ferrooxidans strain Fel and Escherichia coli strain K12 (IAM 1264) were used throughout the study (1) . Culture media and culture conditions for these bacteria were as previously described (1) . Two kinds of culture media were used for T. ferrooxidans, SILVERMAN 9K medium (3) and its modification, referred to as modified 9K medium (M9K medium). These two media contained the following ingredients (g/l), 9K medium first and M9K medium next in parentheses, (NH4)2S04, 3.0 (0.6); KCI, 0.1(0.1); K2HP04, 0.5 (0.1); MgSO4.7H2O, 0.5 (0.2); Ca(N03)2, 0.01 (0.01); pH 2.0 (2.5). If necessary, Fe504.7H20 was added to these media.
Preparation of cell suspension and cell free extracts. Cell suspension of T.
ferrooxidans and cell free extracts of E. coli were prepared as previously described (2) . Preparation of pyrite medium and pyrite oxidation experiment. Pyrite ores obtained from the Matsuo Mine in Iwate Prefecture were used throughout the study. Preparation of pyrite ore powder (63-6.3 um in diameter) was as previously described (1) . The ore powder (1 % w/v) was placed in a 500 ml flat bottom flask containing 50 ml M9K medium and autoclaved at 120° for 15 min (1). This medium is hereafter referred to as M9K pyrite medium. For the distilled water pyrite medium (DW pyrite medium) the salts of the M9K pyrite medium was replaced with distilled water (pH 2.5). The pyrite oxidation experiment was fundamentally the same as in a previous study (1) . To the flask containing M9K pyrite medium 1 ml of T. ferrooxidans cell suspension was added and then the flask was shaken gently by hand. After standing for about 30 min for the ore particles to settle, the supernatant fluid in the flask was removed with a pipette and used as the sample at time zero of the experiment. The inoculated medium was incubated at 30° on a reciprocal shaker at 120 rpm with a 7 cm amplitude. For analysis, the flask was allowed to stand for 30 min, then the supernatant fluid was sampled, and the soluble iron (total and ferrous iron) and the number of bacterial cells were determined.
Preparation o f pyrite ore extract medium. Pyrite ore powder (2 g) was added to 100 ml of distilled water in a 500 ml flask and shaken at 30° for 3 days. After removal of ore particles by centrifugation, the supernatant was adjusted to pH 2.0 with H2SO4 and filtered through a membrane filter (Toyo Roshi Co., 0.2 µm). Total soluble and ferrous iron in the filtrate prepared were about 350 and 280 ppm, respectively. To the pyrite ore extract salts of the M9K medium and FeSO4.7H2O (0.5 % w/v) were added. The complete pyrite suspension was referred to as the pyrite ore extract medium.
Cell count. The total number of bacteria was measured with a bacterial counting chamber (Erma Optics Co., Tokyo).
Enumeration of adsorbed cells on solid surfaces. The adsorption of bacterial cells on solid surfaces was measured by counting the number of bacterial cells remaining in the free state in the medium.
(a) M9K medium (50 ml in a 500 ml flask) was inoculated with 1 ml of cell suspension of T. ferrooxidans and the freely dispersed cells were counted. The difference (A) between inoculated and freely dispersed cell numbers was regarded as the number of cells adsorbed to the surface of the inner glass wall of the flask.
(b) To the M9K pyrite medium (50 ml in a 500 ml flask) 1 ml of the same cell suspension was added and the freely dispersed cells were counted. The difference (B) between the inoculated and the freely dispersed cell numbers was regarded as the number of cells adsorbed on the solid surfaces of both the inner glass wall and the pyrite particles.
(c) The number of cells adsorbed on the pyrite particles was obtained by subtracting A from B.
Analysis. Iron was determined by the a, a'-dipyridyl method (1) . The degree of iron oxidation was expressed as the ratio of ferric to total soluble iron (%)• Chemicals. Prozyme was obtained from Amano Pharmaceutical Co. RNA (yeast) was purchased from Wako Pure Chemicals Industries, Ltd. Tween 20 VOL. 30 and yeast extract were from Kanto Chemical Co., Inc, and Daigo-Eiyo Co., respectively. All other chemicals were the usual commercial products of guaranteed grade.
Methods for scanning electron microscopy. M9K pyrite medium in a 500 ml flask was inoculated with T. ferrooxidans (7.3x 109 cells/flask) and shaken at 30° for 200 hr. Pyrite ore particles in the medium were collected by filtration with a filter paper (Toyo-roshi No. 6), rinsed twice with distilled water, and air-dried at room temperature. A small amount of prepared ore particles was mounted on specimen stubs, coated with gold in an ion coater (IB-3, Eiko Engineering, Ltd.), and examined with a scanning electron microscope (Jeol JSM-U3) operating at 15 kV.
RESULTS

Bacterial growth and iron dissolution in M9K pyrite medium
To elucidate the growth of T. ferrooxidans in M9K pyrite medium and its relation to the oxidation of pyrite, progressive changes in the numbers of freely dispersed cells, total soluble iron and the iron oxidation ratio were surveyed in the pyrite media with and without various organic additives, such as Tween 20 (0.001 % w/v), RNA (0.001 % w/v), prozyme (0.01 % w/v), yeast extract (0.001 % w/v), and cell free extracts of E. coli (2 ml). In the control M9K pyrite medium inoculated with T. ferrooxidans (1.5 x 107 cells/ml) alone (Fig. 1 ), the numbers of freely dispersed cells decreased significantly to 6-7 x 104 cells/ml immediately after cell addition and never increased during shaking for ca. 300 hr. The dissolution of iron from pyrite slowly increased with time, but the iron oxidation ratio was almost constant at 20-30 %. As shown in Fig. 2 , in the pyrite medium to which both T. ferrooxidans and Tween 20 were added simultaneously at the start of experiment, the decrease in the number of freely dispersed cells at time zero was relatively small. Shortly, however, the bacterial numbers recovered to the inoculated level and further increased markedly, following a sudden increase in the iron oxidation ratio and a great acceleration in iron dissolution. When Tween 20 was added at the 65th hr to the pyrite medium previously inoculated with the bacteria and shaken, the numbers of freely dispersed cells increased markedly above the original Inoculum level. The iron oxidation ratio increased abruptly 130 hr after addition of Tween 20, and maintained above 100% values. Dissolution of iron was significantly promoted with increasing iron oxidation ratios. Effect of organic substances and pyrite ore extract on growth of T. ferrooxidans The effects on the growth and iron-oxidizing activity of T. ferrooxidans of various organic additives, such as Tween 20 (0.001 % w/v), RNA (0.001 % w/v), prozyme (0.01 % w/v), yeast extract (0.001 % w/v), and cell free extracts of E. coil (2 ml) were investigated using M9K medium supplemented with 2 % of FeSO4 7H2O. Figure 3 shows the results with Tween 20 and the cell free extracts of E. coll. None of the additives examined had either stimulatory or inhibitory effect on the growth and iron-oxidizing activity of the bacteria. To examine the existence of pyrite ore constituents toxic to T. ferrooxidans, iron oxidation ratios in the pyrite ore extract medium were determined through time. As a result (Fig. 4) , pyrite ore extract had no inhibitory effect on the iron-oxidizing activity of the bacteria. These results indicate that various organic additives and pyrite ore components have no effect on the growth and activity of T. ferrooxidans. Progressive changes in the number of freely dispersed cells in M9K pyrite medium at various inoculum sizes As already indicated in Figs. 1 and 2 , freely dispersed cells of T. ferrooxidans in the pyrite medium decreased significantly just after cell addition, indicating the adsorption of cells on solid surfaces. It is thought that the adsorption of bacterial cells on solid surfaces varies depending on the inoculum size or the composition of pyrite containing suspension. Therefore, changes in numbers of freely dispersed cells were investigated as a function of time in the M9K pyrite medium and DW pyrite medium inoculated with various inoculum sizes (1.4 x 108, 1.0 x 108, 6.0>< 107, 2.0>< 107, 1.6>< 107 cells/ml). As shown in Fig. 5 , the changes in numbers of bacterial cells were different between the M9K pyrite (a) and DW pyrite (b) media. In the M9K pyrite medium with larger inoculum sizes such as 1.4x 108 and 1.O x 108 cells/ml, freely dispersed cells did not decrease markedly at time zero but rapidly increased to large numbers with time. With the smaller inoculum sizes such as 2.0>< 107 and 1.6 x 107 cells/ml, freely dispersed cells decreased rapidly to below 7 x 104 cells/ml and did not increase. To the contrary, the cells in the DW pyrite medium decreased with all inoculum sizes.
In the two media distinct differences were observed in the effects of Tween 20 on the progressive changes in freely dispersed cell numbers. When Tween 20 was added at the start of the experiment to the M9K pyrite medium inoculated with l.6 x l0~ cells/ml, bacterial cells increased greatly in number, indicating conspicious growth of the bacteria owing to the presence of inorganic nutrients in the M9K medium. However, in DW pyrite medium with the same inoculum size and surfactant, decrease of cell numbers was small and the bacterial development did not occur even after long-time incubation.
Attachment of bacterial cells to solid surfaces From the above results of the changes in numbers of freely dispersed cells in the M9K pyrite medium, it is evident that the cells of T. ferrooxidans attach easily to the solid surfaces of the pyrite particles and the inner glass wall of flask. So, the actual numbers of the cells adsorbed on each solid surface were determined at four different inoculum sizes (108-1011 cells/ml). As a result (Table 1) , most of the cells inoculated into the pyrite medium was adsorbed exclusively on the solid surfaces. However, the numbers of the cells adsorbed on surfaces of pyrite particles were found to be only a small percentage of the inoculated cells. The bacterial cells were adsorbed preferentially on the surface of the glass wall. The numbers of cells adsorbed on both solid surfaces were proportional to the inoculated cell numbers. Heat killed cells behaved similarly to living cells (Table 2) .
Scanning electron micrographs of pyrite particles Figure b shows scanning electron micrographs of the surfaces of pyrite particles exposed to the medium inoculated with T. ferrooxidans. After 24 hr of leaching the surfaces of the pyrite were covered with many fine grained particles and precipitates (a) and an unexpectedly small number of bacterial cells were adsorbed on the surfaces. The cells were adsorbed in complicated multilayer patterns on the restricted areas of ore surfaces (b and c). Also, the number of cells adsorbed on pyrite surfaces was found to be much smaller in the pyrite medium with Tween 20 than without the surfactant. After 200 hr of leaching in shaken flasks, the pyrite particles were extensively eroded, without fine grained particulate matter on the surface, and exhibited a rough and porous surface with many etched polyhedral pits and minute cavities (d). These characteristic patterns were absent on reference surfaces which were not exposed to bacterial action. No prominent adsorption of bacterial cells was observed on the eroded surfaces of the pyrite even though the dissolution of iron from pyrite and iron oxidation were markedly enhanced in the presence of a great number of T, ferrooxidans (109-1010 cells/ml). T. ferrooxidans apparently attaches to solid surfaces such as sulfur, sulfide minerals, aluminium, glass wall of culture flask, and hydrated ferric precipitates (4) (5) (6) (7) (8) (9) . However, with a few exceptions (S, 7-9), quantitative information has not been available on the bacterial attachment to solid surfaces. GoRMELY and DUNCAN (7) showed by measuring bacterial protein that 65 % of T. ferrooxidans populations (1.9 x 1 O10 cells/ml) was attached to a zinc sulfide concentrate during leaching. DISPIRITO et al. (8, 9) showed that the proportion of T. ferrooxidans cells adsorbed on various kinds of particulates (sulfur, pyrite, glass beads, fluorapatite) in flasks was 61-82%. A similar study with chalcopyrite and sulfur indicates attachment of 96-98 % and 77 % respectively of the total T, ferrooxidans population. The present study also indicates that ca. 99 % of the inoculated cells are rapidly adsorbed on solid phases of an agitated flask with aqueous suspension of pyrite particles. However, it is of interest to note that the density of cells adsorbed on pyrite particles is considerably less than on glass walls and that the same attachment can occur even with heat killed cells.
There have been many direct observations of the attachment of acidophilic, chemolithotrophic bacteria, T. ferrooxidans and Sulfolobus sp., to sulfide minerals (10) (11) (12) (13) (14) (15) (16) . By using the scanning electron microscope, it has been shown that T. ferrooxidans is attached to the surfaces of sulfide minerals such as pyrite, chalcopyrite, and galena and that the surfaces of sulfide particles exposed to T. ferrooxidans are eroded characteristically to show bacterially etched pits (13) (14) (15) (16) . In the present study, direct observation showed that T. ferrooxidans was attached to some restricted areas of pyrite ore surfaces and that the surfaces were eroded intensively in characteristic patterns similar to those described previously (13) (14) (15) (16) , but without prominent attachment of bacterial cells on the eroded surfaces during the enhanced leaching. The small area covered by the cells seems to indicate that the pyrite ore surfaces are highly heterogeneous with respect to their affinity for the bacteria. In spite of these evidence of the attachment of T. ferrooxidans cells to sulfide minerals, it may be too early to say that the direct contact between the bacteria and the sulfide surfaces is essential for the biogenic oxidation of the sulfides.
Bacterial leaching of sulfide minerals is affected by various factors such as the size and surface area of the particles (17) (18) (19) , the mass transfer of 02 and C02 (18, 20) , and toxic constituents (21) (22) (23) . However, these factors are unlikely to have been the direct cause of inhibition of bacterial pyrite oxidation in this experiment. The present results indicate that bacterial iron oxidation is strongly depressed by the attachment of T. ferrooxidans to solid surfaces but is restored when the cells are detached. It has been shown that particulate materials of various chemical composition (flowers of sulfur, fluorapatite, glass beads, pyrite and quartz sand) inhibit the iron oxidation in growing cultures of T. ferrooxidans WAKAO, MISHINA, SAKURAI and SH1OTA VOL. 30 (8, 24, 25) . The inhibition of the iron-oxidizing activity of the bacteria by direct cell contact with ore has also been mentioned in leaching studies (26) . These data clearly indicate that the adsorption of T, ferrooxidans cells on solid surfaces has an inhibitory effect on iron-oxidizing activity of the bacteria, resulting in a failure of pyrite oxidation. Impaired iron oxidation of attached cells suggests no development of the cells on the solid surfaces. Therefore, an increase in bacterial population in the M9K pyrite medium is due not to the detachment of cells grown on solid surfaces but to the growth of freely dispersed cells in the aqueous phase. Thus, significant enhancement of pyrite oxidation by T. ferrooxidans is ascribed to the iron-oxidizing activity of the freely dispersed cells. Pyrite oxidation by T. ferrooxidans was enhanced by the addition of the surface active agent Tween 20 at concentrations that did not affect the viability of the cells. Furthermore, the iron-oxidizing activity of the bacteria was strongly inhibited when the cells were tenaciously adsorbed on solid surfaces but recovered when they were released by the addition of the surface active agent. Thus, we think that the function of the surface active agent is solely to prevent tenacious adsorption of the bacterial cells on the solid surfaces of the nimeral particles and glass wall either by the repression of adsorption or by the detachment of previously adsorbed cells from the solid surfaces or both. The various kinds of organic substances examined may function in the same way as the surface active agent.
It has been shown that T. thiooxidans secretes certain wetting agents in the medium (27-30). So, the promoting effect of living cells of T. thiooxidans on pyrite oxidation by T. ferrooxidans may be due to secreted bacterial metabolites. Furthermore, T. thiooxidans is readily and tenaciously attached to solid particles (31-34, our unpublished data). Therefore, there is the possibility of exchange adsorption of both thiobacilli. That is, the cells of T. ferrooxidans adsorbed to solid surfaces are partly exchanged with the intact cells of T. thiooxidans and as a consequence T. ferrooxidans cells are released into the aqueous phase.
It has been reported that bacterial degradation of sulfide minerals is accelerated in the presence of some surface active agents (35, 36). DUNCAN and TRUSSELL (35) and DUNCAN et al. (36) showed that the rate of leaching of chalcopyrite by T, ferrooxidans was greatly enhanced by the surface active agents Tweens and Triton X-100. These authors suggest that this enhanced effect of the surfactants is due to increased contact between the mineral surface and the bacterial cells. On the other hand, a contradictory effect of the surfactants was observed by ToRMA and GABRA (37) and ToRMA et al. (38) . They showed that the surfactant Tweens impeded the chalcopyrite oxidation ability of T. ferrooxidans. They suggest that the surface active agents may be prevent intimate contact of the bacteria with the mineral surfaces and also inhibit the bacterial growth. Although the effect of surface active agents on chalcopyrite oxidation by T. ferrooxidans are contradictory, the reason given by these authors for such surface related phenomena is based on the idea that direct contact of the bacteria with the sulfide mineral surfaces is a prerequisite for the leaching.
On the basis of the results obtained previously (1, 2) and in the present experiment, the mechanism of pyrite oxidation by T, ferrooxidans in an agitated flask can be expressed diagrammatically as shown in Fig. 7 . Evidence supporting the direct bacterial leaching of iron containing or iron free sulfides has been offered by many authors (39-45). However, in view of the present results, the direct bacterial attack on pyrite appears to be negligible. The role of T. ferrooxidans in dissolution of iron from pyrite is exclusively to re- 
